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2000; Mebius et al., 1997), which supports the notion
that CD45CD4CD3 cells initiate LN-organogenesis
through ligation of the LT-R. This signaling induces
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and Immunology stromal cells to produce homeostatic chemokines and
express adhesion molecules (Cuff et al., 1998; DejardinVU Medical Center
P.O. Box 7057 et al., 2002; Honda et al., 2001; Mebius, 2003; Muller
and Siebenlist, 2003), leading to the recruitment and1007 MB Amsterdam
The Netherlands retention of circulating hematopoietic cells that will sub-
sequently engage in paracrine interactions with the resi-
dent stromal cells (Honda et al., 2001).
A subsequent aspect of LN formation, important forSummary
increasing the efficiency of antigen sampling by naive
lymphocytes, is the segregation and spatial positioningDuring embryogenesis a developmental program lead-
ing to the formation of lymph nodes and Peyer’s patches of lymphocytes into T cell areas and follicular dendritic
cell (FDC)-containing B cell follicles (Ansel et al., 2000;is initiated. We now show that lymph node-like struc-
tures as well as tertiary lymphoid structures can ectopi- Fu et al., 1997; Hashi et al., 2001; Ngo et al., 1999, 2001).
The generation of B cell follicles is critically dependentcally be induced by intradermal injection of newborn
lymph node-derived cells. ICAM-1/VCAM-1-express- on LT-R-mediated production of the homeostatic che-
mokine CXCL13 by stromal cells and FDCs (Ansel et al.,ing stromal organizers, follicular dendritic cells, lym-
phatic endothelium, and HEVs in these structures are 2000). Additionally, for FDCs to mature both the LT-R
and the TNF-RI need to be triggered (Endres et al., 1999;of donor origin, while all hematopoietic cells are host
derived. Formation depends on lymphotoxin-express- Fu et al., 1998).
The formation of lymphocyte-specific microdomainsing donor cells, whereas further organization requires
lymphotoxin-expressing recipient cells. While induced is a biological phenomenon that is also observed during
several chronic inflammatory conditions. In diseases likesecondary lymphoid structures develop a normal cel-
lular architecture, the degree of organization in tertiary Rheumatoid arthritis, Sjo¨gren’s syndrome, and Hashi-
moto’s thyroiditis, the presence of ectopic lymphoidstructures is correlated to the immune activation sta-
tus of the host. These results indicate that the cellular structures might contribute to pathology by enhancing
the efficiency of autoantigen presentation and may con-and molecular requirements for the establishment of
lymph nodes and tertiary structures are remarkably tribute to the generation of autoreactive lymphocytes
(Amft et al., 2001; Armengol et al., 2001; Han et al., 2001;similar and that hyperactivated lymphocytes can fulfill
the role of lymphoid tissue inducer cells during inflam- Hjelmstrom, 2001; Salomonsson et al., 2002; Weyand
et al., 2001).matory responses.
A major difficulty in characterizing the essential events
in the early development and organization of both LNsIntroduction
and inflammatory aggregates is that these events have
to be studied in vivo. During embryonic development,The generation of different gene-targeted mice with dis-
turbed formation or organization of lymph nodes (LNs) as well as in early postnatal life, LNs are not easily
accessible, while the ectopic generation of lymphoidand Peyer’s patches (PPs) provided novel insights into
the molecular interactions underlying lymphoid organo- structures invariably requires the presence of persistent
stimuli through transgene expression (Fan et al., 2000;genesis (reviewed in Fu and Chaplin, 1999; Mebius,
2003). A prominent role was attributed to lymphotoxin- Kratz et al., 1996; Luther et al., 2000, 2003; Sacca et
al., 1998). In this study, we describe the generation of receptor (LT-R) triggering by membrane bound
lymphotoxin-12 (LT) (Futterer et al., 1998; Rennert et ectopic LN aggregates in adult mice through a single
al., 1996, 1998). In mice that lack LNs due to a targeted injection of newborn LN-derived cells. Within these ag-
deletion of the gene encoding LT, engaging the LT-R gregates, lymphatic endothelium, high endothelial ven-
in vivo by agonistic antibodies is sufficient to induce ules (HEVs), and stromal cells persist that are of donor
LN genesis (Rennert et al., 1998). Moreover, transgenic origin. When induced in naı¨ve adult mice, there is no
expression of LT at nonlymphoid sites leads to the apparent organization; however, upon induction in new-
formation of LN-like aggregates at the site of transgene born mice, full T/B cell segregation is achieved and
expression (Kratz et al., 1996). A population of FDC-containing B cell follicles are formed, a process
LTCD45CD4CD3 cells is capable of inducing the dependent on LT expression by recipient cells and mim-
formation of PPs as well as nasal-associated lymphoid icking normal lymphoid organ development. Finally, the
tissue (NALT) (Finke et al., 2002; Fukuyama et al., 2002), disorganized aggregates induced in adult mice can be
and a similar role for these cells as inducers of LNs is transformed into organized tertiary structures after tran-
generally expected (Eberl et al., 2004). At birth, sient immune activation, showing flexibility of the in-
CD45CD4CD3 cells express surface LT (Kim et al., duced structures, which can open new possibilities for
studying the formation and organization of both second-
ary and tertiary lymphoid organs.*Correspondence: r.mebius@vumc.nl
Immunity
656
Results cells then used normally (data not shown). To formally
prove that this inability to induce lymphoid aggregates
was due to the absence of LT-R signaling, an agonisticInduction of Lymphoid Neoorganogenesis In Vivo
Within the newborn murine LN, stromal cells expressing anti-LT-R antibody was coinjected intradermally with
newborn LT/ rMLN cells. After 2 weeks, lymphoidICAM-1 and VCAM-1 are abundantly present (Figure 1A).
The hematopoietic (CD45) compartment at this time is structures could be dissected that contained lymphatic
vessels, dendritic cells, HEV, and some lymphocytes (Tstill virtually devoid of T cells, but it does contain B
cells; however, the major cell population consists of and few B lymphocytes) (Figures 2C–2F). The efficiency
with which these structures were formed was howeverCD45CD4CD3 cells (Kim et al., 2000; Mebius et al.,
1997), which are the presumed LN-inducer population markedly lower compared to C57BL/6 MLNs, and forma-
tion required more donor cells. These data show thatand cellular source of LT. This prompted us to determine
whether their capacity to engage in the complex interac- induction of ectopic lymphoid aggregates is critically
dependent on LT-R signaling, and that enforced LT-Rtions leading to lymphoid neoorganogenesis could be
studied at ectopic sites. Mesenteric LNs (MLNs) were signaling in rudimentary MLNs from LT/ mice at the
day of birth can partly mimic the situation in wild-typedissected at the day of birth, and single-cell suspensions
were made. These suspensions were subsequently in- mice, in which LT-R signaling is initiated before birth
(Rennert et al., 1998).jected intradermally in the abdominal skin of adult recipi-
ents. After 2 weeks, mice were sacrificed, and the
abdomen was inspected for the presence of LN-like Donor-Derived Stromal Elements and HEVs
aggregates. At this time, macroscopic LN-like structures Persist in Induced LNs
(Figure 1B), which upon dissection and immunohisto- The relative contributions of donor and host-derived cell
chemical analysis revealed the generation of a novel populations to the generation of the ectopic lymphoid
lymphoid aggregate, could be detected. In contrast to structures were analyzed by making use of CD45 (Ly5)-
the still undeveloped newborn LNs from which the in- congenic mice as well as -actin GFP transgenic mice.
jected cells were isolated, these newly formed struc- The CD45.1 and CD45.2 mice were used to analyze
tures now contained both T and B lymphocytes, al- the donor-derived hematopoietic cell populations that
though segregation into separate areas was never persist in the induced aggregates. Remarkably, 2 weeks
observed (Figure 1C). In addition, numerous HEVs were postinduction, no donor-derived CD45 cells could be
present, and these vessels coexpressed the mucosal found in the induced lymphoid structures by immunohis-
addressin MAdCAM-1 and the peripheral addressin tochemistry (n  3, data not shown), indicating that
PNAd (Figure 1D). CD11c dendritic cells (DCs) were all hematopoietic cells that had lodged into the newly
also readily detected in the induced aggregates (Figure formed structure were host derived. To be able to deter-
1E). Therefore, all components normally seen in LNs mine the fate of both the hematopoietic and nonhemato-
could be found in these induced LN-like structures. poietic compartments from the injected newborn LNs,
Noteworthy, ectopic structures could never be induced -actin GFP mice were now utilized as the donor popula-
by using MLNs isolated from adult animals (n  5). tion. Two weeks after induction, the induced lymphoid
Surprisingly, LN-like structures could also be induced structures were removed and analyzed by immunohisto-
in LT/ mice upon intradermal injection of cells de- chemistry. Donor-derived cells in the induced lymphoid
rived from C57BL/6 newborn MLNs, and these struc- structure made up the lymphatic endothelium, identified
tures resembled the aggregates seen in C57BL/6 mice. by the expression of the hyaluronan receptor Lyve-1
Again, T and B cells were present, although distinct (Jackson, 2003) (Figure 3A) and a population of stromal
areas were absent (Figure 1F). Furthermore, HEVs ex- cells, which expressed VCAM-1 and ICAM-1 (Figures
pressing both MAdCAM-1 and PNAd were abundantly 3C and 3D). Adjacent to these stromal cells, the ERTR7
present (Figure 1G), and many CD11c DCs were de- antigen, which has been described to be associated
tected (Figure 1H). These data indicate that the newborn with the conduit system, was expressed, suggesting the
LN contains all the necessary cells to initiate the forma- establishment of a conduit system in these structures
tion of a novel lymph node-like structure at a nonpredes- (Nolte et al., 2003) (Figure 3E). In addition, MAdCAM-1-
tined site. expressing HEVs were of donor origin (Figure 3B). No
CD11c-expressing dendritic cells of donor origin could
be found, confirming our findings with the CD45-con-Induction of Lymphoid Neogenesis Is Dependent
genic mice (Figure 3F). Finally, analysis of B and T lym-on LT-R Signaling
phocytes again showed that these cells were exclusivelySince induction of neolymphoid structures occurred in-
derived from the host (data not shown).dependent of host-derived LT, we set out to determine
the importance of LT-R signaling in donor MLNs.
C57BL/6 newborn MLNs were compared to rudimentary Induced Lymphoid Structures Support Recirculation
of Naive LymphocytesMLNs (rMLNs) from LT/ mice (Figures 2A–2B). Within
these rudimentary structures, LT-R-expressing stro- The HEVs within the induced aggregates coexpressed
the mucosal addressin MAdCAM-1 and the peripheralmal cells (Figure 2B) as well as CD45CD4CD3 cells
were present, albeit that the percentage of CD45 addressin PNAd. In order to determine whether these
HEVs were functional, and whether the induced ectopicCD4CD3 cells was reduced (Figure 2A). However,
upon intradermal injection, cells from newborn LT/ lymphoid structures had been integrated in the recircu-
lation pathway of naı¨ve lymphocytes, adult mice wererMLNs did not initiate the formation of lymphoid aggre-
gates (n  5), even after injections of five times more given an intravenous injection of biotinylated spleno-
Ectopic Lymphoid Neoorganogenesis
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Figure 1. Induction of Lymphoid Neoorganogenesis in Adult C57BL/6 and LT/Mice
(A–H) Newborn C57BL/6 MLN cell suspensions were injected intradermally into the abdominal skin of either C57BL/6 or LT/ mice. Induced
aggregates were dissected after 2 weeks. (A) The population of injected cells included CD45 hematopoietic and CD45 nonhematopoietic
cells. The nonhematopoietic cells expresse ICAM-1 and VCAM-1. (B) Macroscopic image showing two lymphoid aggregates in the abdominal
skin of a LT/ mouse. (C and F) B and T cells were present in the lymphoid aggregates induced by newborn LN cell injections in both (C)
C57BL/6 and (F) LT/ mice (B cells are shown in green, and T cells are shown in red). (D and G) HEVs were present in the induced aggregates
and expressed both MAdCAM-1 (red) and PNAd (green). (E and H) CD11c-positive dendritic cells (red) were also detected in both C57BL/6-
and LT/-induced aggregates. Sections are representative for at least eight (LT/) to ten (C57BL/6) independent experiments.
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Figure 2. Induction of Lymphoid Structures Is Dependent on LT-R Signaling
Newborn rudimentary MLNs from LT/ mice contain CD45CD4CD3 cells as well as LT-R stromal cells.
(A) The percentage of CD45CD4CD3 cells (absence of CD3 not shown) was reduced in LT/ rMLN compared to C57BL/6 MLN.
(B) LT-R-expressing stromal cells were relatively more abundant in LT/ rMLN. Equal numbers of cells for C57BL/6 and LT/ are shown,
and results are representative of three independent analyses.
(C–F) Coinjection of rMLN from newborn LT/ mice with an agonistic anti-LT-R antibody was sufficient to induce the formation of lymphoid
aggregates that contained (C) T cells (red) and few B cells (green), (D) Lyve-1-expressing lymphatic endothelium (red; B cells are shown in
green), (E) MAdCAM-1- (green) and VCAM-1 (red)-expressing HEVs, as well as (F) CD11c dendritic cells (green; Lyve-1 is shown in red).
Ectopic Lymphoid Neoorganogenesis
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Figure 3. Donor Cells Persist in Induced Lymphoid Structures
Newborn MLN cells isolated from -actin-GFP/C57BL/6 mice were injected into the abdominal skin of C57BL/6 mice. Induced aggregates
were dissected after 2 weeks.
(A) The Lyve-1 lymphatic endothelium that surrounds the induced aggregate was of donor origin (Lyve-1 is shown in red; GFP is shown in green).
(B) MAdCAM-1-expressing HEVs were also of donor origin (MAdCAM-1 is shown in red; GFP is shown in green).
(C and D) The putative LN-organizing cells, which express (C) VCAM-1 and (D) ICAM-1, were also donor derived (ICAM-1 or VCAM-1 is shown
in red; GFP is shown in green). The stromal cell marker ERTR7 was seen in close association with GFP cells (ERTR-7 is shown in red; GFP
is shown in green).
(E) CD11c dendritic cells did not express the donor marker GFP (CD11c is shown in red; GFP is shown in green). Sections are representative
of at least three independent experiments.
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Figure 4. Induced Lymphoid Structures Support Recirculation of Naive Lymphocytes
Biotinylated splenocytes from C57BL/6 mice were adoptively transferred into adult C57BL/6 mice 2 weeks after induction of ectopic
lymphoid aggregates.
(A and B) (A) Induced aggregates and (B) control inguinal LNs contained biotinylated cells 3 hr after injection.
(C) Transferred cells were seen entering the induced structure via the HEVs (PNAd is shown in green; injected cells are shown in red). Sections
are representative of two independent experiments.
cytes 2 weeks after aggregate induction (Figure 4). After inflammation and may therefore reflect an intrinsic dif-
ference between the adult and early-postnatal immuneshort-term (3 hr) migration, the induced lymphoid struc-
tures as well as control inguinal LNs were isolated, and system (Cupedo and Mebius, 2003; Takemura et al.,
2001). In order to more closely mimic postnatal develop-upon immunohistochemical analysis, biotinylated cells
were readily found in the inguinal LNs (Figure 4B), as ment, we set out to induce lymphoid structures in neona-
tal mice. Cells derived from newborn LNs were injectedwell as in the induced ectopic aggregates (Figure 4A).
Within the induced structures, cells could be visualized intradermally into the abdominal skin of mice at the day
of birth, and after 2 weeks, LN-like structures could bewhile transmigrating through the HEVs (Figure 4C). Al-
though the number of cells detected in the ectopic dissected (Figure 5). In contrast to the ectopic aggre-
gates induced in adult mice, immunohistochemical anal-structures was lower than in the control LNs, these data
clearly show that a single injection of newborn LN- ysis of the aggregates induced in neonatal mice revealed
a degree of organization reminiscent of normal LNs. Tderived cells into the abdominal skin of adult mice in-
duces not only the formation of an ectopic lymphoid and B cells were separated into discrete areas, and
anatomically distinct B cell follicles were now evidentaggregate, but also the local differentiation of blood
vessels to support recirculation of naı¨ve lymphocytes. (Figure 5A). Furthermore, these follicles also contained
FDCs (Figure 5B). The HEVs present in these structures
still showed expression of both MAdCAM-1 and PNAdInduction of Lymphoid Neoorganogenesis
(data not shown). These data show that induction ofin Neonatal Mice
lymphoid neoorganogenesis in neonatal mice results inThe lack of distinctive lymphoid organ architecture
the formation of an ectopic structure closely resemblingwithin the induced lymphoid structures is a characteris-
tic that is also seen in ectopic aggregates during chronic LNs, rather than ectopic inflammatory aggregates.
Ectopic Lymphoid Neoorganogenesis
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Figure 5. Induction of Organized LN-like Structures in Neonatal Mice
Newborn C57BL/6 MLN-derived cells were injected intradermally into the abdominal skin of C57BL/6 recipient mice at the day of birth and
were analyzed after 2 weeks.
(A) T/B segregation and clearly distinct B cell follicles were present (B cells are shown in green; T cells are shown in red).
(B) The B cell follicles contained follicular dendritic cells, as identified by the FDC-M2 antibody (red). Sections are representative of at least
ten independent experiments.
Divergent Roles for Host- versus Donor-Derived LT located at the edge of the structure, were more tightly
packed, FDC-containing B cell follicles could not beDuring normal LN development, as well as during the
formation of ectopic structures, LT is essential for the found (Figure 6C), while HEVs within these structures
were well developed and expressed both MAdCAM-1induction as well as the organization and maintenance
of the lymphoid structure (Kang et al., 2002; Luther et and PNAd (Figure 6D). Since FITC painted onto the ab-
dominal skin reached the induced structures very ineffi-al., 2000; Rennert et al., 1997, 1998). The fact that cells
derived from C56BL/6 newborn LNs are capable of insti- ciently (data not shown), we assumed that transport of
antigens from the skin to the ectopic structure via affer-gating lymphoid organogenesis in both C56BL/6 and
LT/ mice (Figure 1) indicated that for the initiation ent lymphatics might not be optimal. Therefore, we
chose to activate lymphocytes directly in vivo. Hereto,of LN development, LT expression by donor cells was
sufficient. At birth, CD45CD4CD3 cells are the major adult mice received an intradermal injection of neonatal
MLN cells, and after 7 days, an agonistic anti-CD40LT-expressing cell population and therefore likely the
cells delivering the LT signal (Kim et al., 2000). To deter- antibody was injected i.p. to mimic the upregulation of
CD40L on activated T and NK cells. (Figures 6E–6H) (vanmine the contribution of donor-derived LT for subse-
quent organization of the induced aggregate, LT/ Kooten and Banchereau, 2000). Injection of anti-CD40
mice were injected intradermally in the abdominal skin will lead to the triggering of B cells, resulting in induction
at the day of birth with cells from C56BL/6 neonatal LNs, of LT and TNF, as well as other cytokines, and will also
and after 2 weeks, lymphoid structures were analyzed by directly effect dendritic cells to produce inflammatory
immunohistochemistry. Strikingly, induction of lymphoid cytokines and become fully mature (van Kooten and
aggregates in newborn LT/ mice led to the genera- Banchereau, 2000; Worm and Geha, 1994). In addition,
tion of structures phenotypically indistinguishable from direct effects of anti-CD40 injections on FDCs or FDC
the induced aggregates seen in adult C56BL/6 or LT/ precursors cannot be excluded. This would mimic the
mice. T and B cells had not segregated into discrete reported migration of activated T cells, which express
areas (Figure 6A) and FDC development was absent CD40L, to the follicles (Ansel et al., 1999; Breitfeld et
(data not shown), while HEVs that coexpressed MAd- al., 2000; Sallusto et al., 1999; Schaerli et al., 2001;
CAM-1 and PNAd were again present (Figure 6B). Schaerli et al., 2000). It has been suggested that, here,
activated T cells might directly interact with FDCs (Liu
et al., 1996). The induced structures were dissected afterFurther Organization in Ectopic Structures
14 days and were analyzed by immunofluoresence. Inupon Immune Activation
contrast to the disorganized structures normally foundTo reproduce the sequence of events that is thought to
in adult animals, the mice that received anti-CD40 anti-lead to organized inflammatory infiltrates, we addressed
body now showed lymphoid aggregates with a higherwhether ectopic structures that were generated in adult
degree of organization. T and B cells had segregatedrecipients could be organized through transient immune
into separate areas (Figures 6E and 6G), with HEV ex-activation. Therefore, the abdominal skin surrounding
pressing both PNAd and MADCAM-1 throughout thethe induced ectopic structure was exposed to the con-
structure (Figure 6F), and FDCs present within B celltact allergen oxazolone at 7 days after induction of the
follicles (Figure 6H). This leads to the conclusion that,aggregate. Analysis 7 days later showed that although
T/B cell segregation had increased and B cells, now although donor-derived LT is sufficient to initiate the
Immunity
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Figure 6. Requirements for Organization of the Induced Lymphoid Structures
Newborn C57BL/6 MLN cells were injected into the abdominal skin of LT/ mice at the day of birth and were dissected after 2 weeks.
(A) Within the induced aggregates, no clear T/B segregation could be seen (T cells are shown in red; B cells are shown in green).
(B) In the absence of LT expression in the recipient, both MAdCAM-1 (red) and PNAd (green) were still expressed on the HEVs. Sections
are representative of at least seven independent experiments. To induce organization in ectopic aggregates formed in adult C57BL/6, mice
Ectopic Lymphoid Neoorganogenesis
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process of lymphoid neoorganogenesis, in adult mice, the developing PPs (Honda et al., 2001). Consequently,
these cells also execute this organizing function in thea subsequent immune activation, as mimicked by anti-
ectopic structures by attracting and organizing the he-CD40 injection, is needed to generate the cellular archi-
matopoietic cells emigrating from the circulation. Inter-tecture typically associated with secondary lymphoid
estingly, the injected suspension can reassemble intoorgans as well as organized inflammatory infiltrates.
a stromal lymphoid framework and induce differentia-
tion of functional blood vessels.FDCs Are Present in Induced Lymphoid Structures
We show that the induction of ectopic LN-like struc-in TNF RI/ Mice and Are Donor Derived
tures depends on LT expression by donor-derived cells,Differentiation of FDCs is dependent on combined sig-
while the organization within these structures requiresnals from the LT-R and the TNF-RI, but the exact nature
LT expression by host cells. In the early postnatal murineof the FDC precursor remains unclear (Endres et al.,
immune system, CD45CD4CD3 cells are the most1999; Fu et al., 1998). To address the issue of putative
prevalent source of surface LT (Cupedo et al., 2002; KimFDC precursors in neonatal LNs, newborn MLNs from
et al., 2000). With increasing age, the percentage ofC57BL/6 mice were used to induce lymphoid aggregates
CD45CD4CD3 cells within the developing lymphin TNF-RI/ mice, which lack endogenous FDCs and B
nodes decreases from approximately 50% at birth tocell follicles (Pasparakis et al., 1997). Two weeks postin-
less then 0.1% in adult animals (Kim et al., 2000; Mebiustradermal injection, lymphoid structures were isolated
et al., 1997). Induction of ectopic LN-like structures in neo-and analyzed (Figures 7A and 7B). In contrast to the
natal mice will therefore likely lead to a situation in whichendogenous LNs found in TNF-RI/ mice, the induced
the injected ICAM-1/VCAM-1-organizing cells in firstlymphoid structures displayed anatomically distinct B
instance interact with donor-derived CD45CD4 CD3cell follicles (Figure 7A), which also contained FDCs (Fig-
cells and subsequently attract host-derived CD45CD4ure 7B). This suggests that the neonatal LN contains
CD3 cells and some B cells (Luther et al., 2003). TheseTNF-RI-expressing cells that are capable of compensat-
recipient-derived cells are necessary for the completioning for the absence of this receptor in TNF-RI/ mice,
of the lymphoid architecture by further providing re-and this compensation results in the normalization of
quired molecules such as LT, TNF, and possibly otherthe LN architecture.
cytokines. Several days later, T cells start emigratingTo deliver absolute proof that FDC precursors are
from the thymus and enter the developing organ viaindeed present in neonatal LNs, neonatal MLNs from
the HEVs, and this emigration mimics the sequence of
-actin GFP mice were injected intradermally into neo-
events during normal development. The presence of highnatal C57BL/6 mice. Within the generated structures,
numbers of LTCD45CD4CD3 cells therefore seemsFDC-containing B cell follicles were found (Figure 7C),
a prerequisite for proper lymphoid organization. In theand all FDCs were of donor origin (Figure 7D). Therefore,
adult situation, the injected newborn LN-derived cellswithin the stromal compartment of neonatal LNs, precur-
will attract mature rearranging lymphocytes, which failsors to FDCs are present.
to organize into discrete areas. This indicates that in the
adult immune system a state of immune activation is
Discussion required for the initiation of lymphoid organization,
since, under pathological circumstances, organization
In this study, we show that a single intradermal injection into discrete T and B cell zones can be observed in
of isolated newborn LN-derived cells leads to the induc- tertiary lymphoid structures in patients (Hjelmstrom,
tion of LN-like structures. These structures display all 2001; Page et al., 2002; Salomonsson et al., 2002; Shi
the characteristics of lymph nodes, i.e., they harbor B, et al., 2001). Also, in mucosal lymphoid tissues, the pres-
T, and dendritic cells, functional HEVs, and lymphatic ence of antigen can induce a higher level of organization.
endothelium. Upon induction in neonatal mice, these Immature isolated lymphoid follicles, which are clusters
ectopic structures are indistinguishable from normal of B cells located in the wall of the intestine, become
lymph nodes, including FDC-containing B cell follicles organized mature ILFs, containing germinal centers,
located in the cortical regions, while T cells, dendritic upon luminal challenge by bacteria (Hamada et al., 2002;
cells, and functional HEVs are present in the interfollicu- Lorenz et al., 2003). In our experiments, this situation of
lar areas and more inward. The entire structure is encap- pathological immune activation was achieved by mim-
sulated by lymphatic endothelial cells, and this architec- icking the presence of activated T cells through adminis-
ture is analogous to the subcapsular sinus seen in lymph tration of anti-CD40. In vivo administration of anti-CD40
nodes. The donor-derived cells that persist within the will lead to direct activation of B cells, resulting in the
newly formed LN-like structures are characterized by the induction of LT and TNF, as well as other cytokines
expression of VCAM-1 and ICAM-1, and they therefore (Worm and Geha, 1994). Furthermore, this may also di-
rectly stimulate dendritic cells and follicular dendriticphenotypically resemble the organizing population in
received either the contact allergen oxazolone painted onto the skin or 50 g anti-CD40 antibody i.p. 1 week after LN induction.
(C) One week after oxazolone application, a more distinct separation of B and T cells could be observed, with B cells packed on the edge of
the structure. However, FDC-containing B cell follicles were absent, while (D) HEV expressing both MAdCAM-1 (green) and PNAd (red) were
present. (E and G) One week after anti-CD40 injection, induced aggregates contained distinct B cell areas (T cells are shown in red; B cells
are shown in green), (F) while HEV expressing both MAdCAM-1 (green) and PNAd (red) were present.
(H) At times, FDC-M2 (data not shown) CD35 FDCs (FDCs are shown in red; B cells are shown in green) could be observed within B cell
follicles. Sections are representative of three independent experiments.
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Figure 7. Origin of FDCs and Their Formation in TNF-RI/ Mice
Ectopic aggregates were induced in newborn TNF-RI/ mice.
(A) Two weeks postinduction in neonatal TNF-RI/ mice, ectopic lymphoid aggregates had formed, complete with T/B segregation and
distinct B cell follicles (B cells are shown in green; T cells are shown in red).
(B) In addition, B cell follicles in TNF-RI/ mice contained follicular dendritic cells (T cells are shown in green; FDCs are shown in red).
Sections are representative of two independent experiments. To determine FDC origin, newborn C57BL/6 mice were injected intradermally
with -actin GFP newborn MLN cells.
(C) After 2 weeks, FDC-containing B cell follicles were present (FDCs are shown in red; B cells are shown in blue).
(D) All FDCs were GFP, indicating their donor origin. Results are representative of three independent experiments.
cells. Triggering of all these subsets by anti-CD40 per- TNF-RI-expressing cells are present that can develop
into FDCs. Indeed, transfer of GFP-expressing donorfectly mimics the action of activated T cells, which tran-
siently express CD40L upon activation (van Kooten and cells now, for the first time to our knowledge, shows
that within the neonatal LNs at the day of birth, FDCBanchereau, 2000). As a result, the formation of T and
B cell areas, as well as FDCs, is initiated in the tertiary precursors are already present. This will now permit the
identification of these precursors.structures induced in adult mice. In the early neonatal
immune system, this inducing signal is delivered by a The model we describe here should allow for the defi-
nition of minimal cellular requirements for LN formation.specialized population of LTCD45CD4CD3 cells,
which are abundantly present at this time (Cupedo and However, we have not yet succeeded in establishing
LN-like structures with sorted cellular subsets. Pre-Mebius, 2003).
The local differentiation of FDCs is dependent on sig- viously, transgenic expression of LT, TNF, CXCL13,
or CCL21 was shown to be sufficient to induce variousnaling through LT-R as well as TNF-RI (Endres et al.,
1999). In mice with a deletion of the gene encoding the degrees of lymphoid neoorganogenesis (Fan et al., 2000;
Kratz et al., 1996; Luther et al., 2000; Sacca et al., 1998),TNF-RI, no FDCs develop, and, in addition, these mice
show a disturbance of the LN architecture, with a lack but the major disadvantage of these systems is the con-
stitutive presence of the transgene, overruling any pos-of B cell follicles (Pasparakis et al., 1997). We show
here that induction of ectopic lymphoid aggregates in sible feedback mechanisms and leaving no room to de-
termine the physiological induction of the transgenicneonatal TNF-RI/ mice surprisingly leads to the gener-
ation of LN-like structures with FDC-containing B cell cytokine. The model presented here does not have this
disadvantage and more closely resembles the (patho-)follicles that are indistinguishable from normal LNs. This
suggests that within the newborn LN used for injection, physiological situation.
Ectopic Lymphoid Neoorganogenesis
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RecirculationIn sum, our data show that neonatal LNs contain all
Spleens were isolated from C57BL/6 mice, and erythrocytes wereof the elements necessary to induce the novel formation
removed by alkaline lysis. Splenocytes were biotinylated by incuba-of LN-like structures as well as tertiary lymphoid struc-
tion in 80 g/ml Biotin-7-NHS in PBS (Boerhringer, Mannheim, Ger-
tures, two processes that we show to be strikingly simi- many) for 15 min at room temperature while shaking continuously.
lar. The degree of organization in secondary and tertiary After washing, 2–5  107 biotinylated cells were injected intrave-
nously in mice 2 weeks postinduction of aggregates. Recipient micestructures depends on the presence of CD45CD4
were sacrificed after 3 hr, and induced aggregates as well as controlCD3 cells during development or activated lympho-
inguinal LNs were harvested.cytes under pathological conditions.
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